Abstract-Due to the time-varying channel conditions and dynamic topology of vehicular networks attributable to the high mobility of vehicles, data dissemination in vehicular networks, especially for content of large-size, is challenging. In this paper, we propose a cooperative communication strategy for vehicular networks suitable for dissemination of large-size content and investigate its achievable throughput. The proposed strategy exploits the cooperation of vehicle-to-infrastructure (V2I) communications, vehicle-to-vehicle (V2V) communications and the mobility of vehicles to facilitate the transmission. Detailed analysis is provided to characterize the data dissemination process using this strategy and a closed-form result is obtained on its achievable throughput, which reveals the relationship between major performance-impacting parameters such as distance between infrastructure, radio ranges of infrastructure and vehicles, transmission rates of V2I and V2V communications and vehicular density. Simulation and numerical results show that the proposed strategy significantly increases the throughput of vehicular networks even when the traffic density is low. The result also gives insight into the optimum deployment of vehicular network infrastructure to maximize throughput.
I. INTRODUCTION
Vehicular networks have recently gained significant attention from academia and industry because of their increasingly important role in enhancing road traffic safety and providing useful information to drivers and passengers [1] - [3] . By disseminating real-time information about accidents, traffic congestion or obstacles in the road, traffic safety and efficiency can be largely improved. Furthermore, offering information like digital maps with real-time traffic status and in-car entertainment services greatly enhance the convenience and comfort of drivers and passengers.
There are two major data dissemination techniques in vehicular networks, i.e., vehicle-to-infrastructure (V2I) and vehicleto-vehicle (V2V) communications. V2V communications such as VANET, on one hand is easy to deploy, suitable for real-time communication between nearby vehicles and offers cost-effective solutions to vehicular communications. On the other hand, it is well known that V2V communications may become unreliable [4] and incur long communication delay for communications when the vehicular density is low [5] . Thus, infrastructure support in the form of Road-Side Units (RSU) or LTE base stations is essential and beneficial. However, due to the relatively high cost of deployment, infrastructure communications, e.g., V2I communications can be limited, especially in rural areas and in the initial deployment phase of vehicular networks. Besides, each individual vehicle's sojourn time within one infrastructure point's coverage may be short due to the high speed of vehicles and limited coverage of infrastructure. This consequently may lead to vehicles' failure to download a large-size file during their sojourn when relying purely on V2I communications. Therefore V2I and V2V communications may have to co-exist and complement with each other to meet the diverse communication requirements in vehicular networks ranging from safety information dissemination to in-car entertainment services.
Cooperative communication has been widely applied in vehicular networks and has numerous advantages (e.g., increase downloaded data volume [6] , reduce transmission delay [7] , improve spectral efficiency [8] etc.), as well as some unique and significant challenges. First, caused by the high mobility of vehicles, the topology of vehicular network changes frequently, which consequently leads to frequent fragmentation and disconnectivity of V2I and V2V communications. In addition, vehicular wireless channels may become lossy due to fading and path loss which in turn affects the reliability of V2I and V2V communications. Furthermore, it is well known that "mobility improves throughput" [9] and this is particularly true in vehicular networks. Therefore, how to optimally design cooperative communication scheme that utilizes the mobility of vehicles to carry information and maximizes throughput for those services that can tolerate large delay is both an interesting and challenging topic.
In this paper, we propose a novel cooperative communication strategy that utilizes V2I communications, V2V communications and the mobility of vehicles to improve the throughput of vehicular networks. Specifically, using the proposed cooperative communication strategy, when a vehicle of interest (VoI) moves into the coverage of infrastructure, it receives data from the infrastructure via V2I communications. When the VoI moves outside the coverage of infrastructure, it utilizes V2V communications with vehicles traveling in the opposite direction (defined as helpers), their mobility, and helpers' V2I communications to continue receiving data to boost its throughput. In this way, V2I communications between a VoI and infrastructure, between helpers and infrastructure, V2V communications and vehicular mobility are coherently combined to maximize the throughput of a VoI. We analyze the throughput achievable by a VoI using this scheme. Through the analysis, the relationship between the major performanceimpacting parameters is characterized, which shed insight into the optimum deployment of vehicular network infrastructure.
The main contributions of this paper are given as follows: 1) a cooperative communication strategy is proposed, which exploits the cooperation of V2I communications, V2V communications and the mobility of vehicles to improve the achievable throughput. 2) an analytical framework is proposed for studying the data dissemination process under our cooperative communication strategy and a closed-form expression of the achievable throughput is obtained. 3) simulation and numerical results validate the significant benefit of the cooperative communication scheme and shows that even when traffic density is rather low, the cooperative strategy can still greatly enhance the performance of the system in terms of throughput. The rest of this paper is organised as follows: Section II reviews related work. Section III introduces the network and system model, the proposed cooperative communication scheme and the problem formation. The theoretical analysis is given in Section IV. In Section V, we validate the analytical results using simulations and discuss the performance. Section VI concludes this paper.
II. RELATED WORK
There have been extensive studies on improving the performance (e.g., throughput, downloaded data volume, communication link quality etc.) of vehicular networks. Among all the key techniques to enhance these performance measures, cooperative communication is a popular and important one, which usually includes cooperation among vehicles and separate cooperation within infrastructure. Our work combines both kinds of cooperation and exploits the performance benefits of vehicular mobility too.
In terms of vehicular cooperation, Zhou et al. [6] introduced a cooperative approach by forming a linear vehicle cluster on the highway to cooperatively download the same content file from the infrastructure to enhance the probability of successful file download. In [7] , Zhu et al. studied multiple vehicles approaching each other collaboratively download data from an RSU by using network coding and analysed the average download time. In both aforementioned works [6] , [7] , vehicular cooperation only occurs when vehicles have a common interest to download the same file from the infrastructure, which is different from our work that focuses on multiple vehicles cooperating to deliver a file to a VoI utilizing V2I, V2V communications and the mobility of vehicles.
Infrastructure cooperation is achieved by caching different files in different infrastructure points to help moving vehicles get more valid content. In [1] and [10] , by utilizing infrastructure cooperation for data dissemination, the authors investigated the optimal cooperative content dissemination scheme in vehicular networks to maximize disseminated data size [1] and data dissemination success probability [10] respectively. However, both [1] and [10] only considered V2I communications.
Compared with the above work, this paper focuses on the achievable throughput by a VoI when V2I communications, V2V communications and vehicular mobility can all be exploited to improve the throughput. This forms an interesting and important scenario in vehicular networks which, to the best of our knowledge, has not been studied before.
III. SYSTEM MODEL

A. Network Model
We consider a highway scenario with bi-directional flows where the highway is modeled by an infinite line with roadside infrastructure, e.g., RSUs or LTE base stations, regularly deployed with equal distance of d. The width of a lane is typically small compared with the transmission range. Therefore multiple lanes in the same direction can be abstracted as a single lane [11] - [13] . We further assume that infrastructure points are connected to the backbone network through wired or wireless links so that they can provide information services to vehicles within their coverage.
We adopt a commonly used traffic model that vehicles in each direction are Poissonly distributed with mean density ρ 1 veh/m and ρ 2 veh/m respectively, and consequently the intervehicle distance follows an exponential distribution [5] , [12] , [14] . Similar to previous works [5] , [12] , [15] , we assume that vehicles in each direction move at a constant speed of v 1 and v 2 respectively. Individual vehicular speed may deviate slightly from the mean speed. However, such deviations are expected to have very minor impact on the throughput being studied. The system model is illustrated in Fig. 1 .
B. Wireless Communication Model
As introduced earlier, we consider two types of wireless communication schemes: V2I and V2V communications. We assume that each vehicle has a single antenna so that they can not transmit and receive at the same time. Each infrastructure and each vehicle has the same transmission range, denoted by r I and r 0 respectively and r I > r 0 , which reflects the fact that infrastructure typically has stronger communication capability. Vehicle and vehicle (infrastructure) can directly communicate with each other if and only if their Euclidean distance is no larger than the transmission range r 0 (r I ). This simplified unit disk model has been extensively used in the field [5] , [13] , [16] . It grossly captures the fact that all wireless devices have a limited transmission range and that the closer two devices become, the easier it is for them to establish a connection. This simplification allows us to omit physical layer details and focus on the topological impact of vehicular networks on throughput, and we will show later in the simulation that our analysis assuming the unit disk model can be extended to a more realistic log-normal shadowing model.
We assume that V2I and V2V communicate at a constant data rate w I and w V respectively and w I > w V . It is because that V2I communications usually are allocated to larger bandwidth and signal power compared to V2V communications so that they can provide larger transmission rate. This constant rate assumption also helps to omit the impact of physical layer details. For time-varying channels, the values of w I and w V can be replaced by the respective time-averaged throughput of V2I and V2V communications and our analysis still applies. This has been validated later using simulations.
Furthermore, we assume that each infrastructure has N channels so that at most N vehicles can simultaneously receive data from the same infrastructure. Once a vehicle gains access to a channel, it will occupy it until it leaves the coverage of the infrastructure. It is assumed that V2I communications have higher priority than V2V communications, which means when a vehicle is receiving data from infrastructure, it can not transmit (receive) data to (from) other vehicles. This assumption can be justified by the fact that V2I communication provides a higher data rate than V2V communication.
C. Cooperative Communication Strategy
Specially, in this paper we consider a scenario where a VoI wants to download a large file, e.g., a video, from a remote server. Without loss of generality, we assume that the VoI travels at speed v 1 and the vehicles in the opposite direction (recall that we define them as helpers) travel at speed v 2 and have vehicular density ρ 2 .
A cooperative communication scheme is designed to utilize the V2I communications, V2V communications and mobility of vehicles to facilitate the transmission. The large file the VoI interests may be first split into multiple pieces and transmitted to different infrastructure points so that they have different pieces of data, which achieves cooperation among infrastructure. Data delivered to infrastructure may be further split and transmit to the VoI and different helpers when they move into the coverage so that each helper has different pieces of data from each other and from the VoI, and these data will be transmit to the VoI when they are encounter, which exploits the mobility of vehicles and V2V communications to achieves the vehicular cooperation.
Particularly we consider two consecutive infrastructure points along the travel direction of the VoI collaborate to deliver the file. Denote the nearest infrastructure point by I 1 and the second nearest one by I 2 . When the VoI is in the coverage of I 1 , it receives data directly from I 1 . When the VoI moves outside the coverage of I 1 , it may continue to receive data from helpers using V2V communications as each helper has received different pieces of data from I 2 . Here only one-hop V2V communications between the VoI and helpers is considered. Of course, when the VoI moves along its direction, the two infrastructure points participating in the cooperative communication are also updated. In this way, V2I communications between the VoI and infrastructure, between helpers and their respective infrastructure points, V2V communications between the VoI and helpers as well as vehicular mobility are coherently combined to maximize the throughput of the VoI. Furthermore, we consider some practical issues like out of sequence data delivery can be handled by techniques such as network coding (e.g., our recent paper [17] ) so that we can focus on the main theme of the paper without the need for considering their impact.
Consider an arbitrarily chosen time interval [0, t], denote the amount of data received by the VoI as D(t), which includes both data received from infrastructure and helpers. In this paper, we are interested in finding the long-term throughput of the VoI using our cooperative communication strategy where the throughput is formally defined as follows:
IV. THEORETICAL ANALYSIS
In this section, we will present detailed theoretical analysis of the data dissemination process in our system model.
A. Problem Transformation
We define the period from the VoI enters the coverage of one infrastructure to the VoI enters the coverage of the next infrastructure as one cycle. It follows from the above definition that the total amount of data the VoI receives in each cycle is correlated rather than independent. This is due to our assumption that each infrastructure has N channels. Thus, the amount of data each helper obtains from the infrastructure is dependent on its previous (along its travel direction) N vehicles' inter-vehicle distance (we will show this dependence later in Section IV.C as equation (4)). As the data the VoI receives during V2V communications comes from the data received by the helpers during their V2I communications, the correlation between helpers' received data amount causes the correlation between data amount the VoI receives from each cycle.
If we approximately omit this correlation (we will show later in the simulation that this approximation causes negligible impact on our results), then the entire data receiving process of the VoI can be regarded as a renewal reward process [18] , where each cycle consists one V2I communication process, followed by a V2V communication process, and the reward is the data amount the VoI receives during each cycle. Thus, the achievable throughput in our system can be equally calculated as follows:
where
are the expected amount of data the VoI receives from infrastructure and helpers in one cycle respectively.
B. V2I Communications
As explained in Section III.C, when the VoI is covered by an infrastructure point, it will only use V2I communications. Therefore, the expected amount of data the VoI can receive from infrastructure in one cycle is
C. V2V Communications
Without loss of generality, we denote during one cycle, the infrastructure participating in the VoI's V2I communication process by I 1 and the other infrastructure participating in helpers' V2I communication process by I 2 . Besides, we designate the time instant when the VoI leaves the coverage of I 1 as t = 0 and define its moving direction as the positive (right) direction of the coordinate system and at t = 0, point in the left of the VoI and with a distance of r 0 to the VoI is set to be the origin.
In the following, we first show that our problem can be converted into a coverage process problem and then analytically solve the converted problem.
1) Coverage Process Problem Conversion:
As a helper must first receive data from an infrastructure point before delivering the data to the VoI, it may likely occur that a helper runs out of data (the helper is still within the VoI's coverage, but it has no data to transmit to the VoI) during their encounter. The following proposition shows that such scenario will not occur under our assumption of r I > r 0 and w I > w V .
Proposition 1. Under our assumption of r I > r 0 and w I > w V , all helpers the VoI will encounter have sufficient amount of data to transmit to the VoI.
Proof: Suppose when an arbitrary helper, denoted by V i , i = 1, 2..., enters the coverage of I 2 , it finds that there are already n (n ≥ 0) vehicles within I 2 's coverage. Denote vehicles in front of V i (along the travel direction of V i ) by V i+1 , V i+2 ... and distance between V j and V j+1 is l j , j = 1, 2, .... If n ≤ N − 1, which implies V i+N is outside I 2 's coverage, V i can immediately access a channel and start receiving data. Otherwise, V i has to wait until vehicle V i+N leaves the coverage of I 2 and free its channel resource. See Fig. 2 for an illustration.
According to the above two cases, the amount of data helper V i can receives from I 2 , denoted by D i , can be obtained as
here
l j is the distance between vehicle V i and vehicle V i+N .
For the first helper VoI will encounter, without loss of generality, denote it as V j , the amount of data it receives from I 2 is D j = min
and the amount of data it transmits to the VoI is D Fj = min
, D j , where l j is the distance between V j and origin when the VoI exit the coverage of I 1 . As we have S Nj > l j , r I > r 0 and w I > w V , it can be easily seen that D j > D Fj , which implies that the first helper the VoI will encounter has sufficient amount of data to transmit.
For an arbitrary helper the VoI will encounter excluding the first helper, denote it as V i . If V i 's immediately preceding vehicle V i+1 has sufficient data to transmit to the VoI during their V2V communication, the amount of data V i can transmit to the VoI during V2V communication, denoted by D Fi , is given by:
As we have S Ni ≥ l i and further using the conditions that r I > r 0 and w I > w V , it can be easily seen that D i > D Fi will always hold, which means for an arbitrary helper the VoI will encounter during one cycle, if its immediately preceding vehicle has sufficient data to transmit to the VoI, this arbitrary helper will also has sufficient data to transmit to the VoI. Therefore, the conclusion easily follows by recursion as we have shown above that the first helper will always have sufficient data to transmit.
To calculate E[D V ], we need to obtain the expected V2V transmission time during V2V communication process in one cycle. As Proposition 1 above demonstrates, during the whole V2V communication period, the VoI can receive data as long as there exists helpers within its coverage. Thus, the problem of calculating the expected V2V transmission time in one cycle can be equally converted into a coverage process problem in which the total covered length are proportional to the total V2V communication time in our problem, where the proportionality constants are the relative speed between the VoI and helpers. In the following, we will solve this coverage process problem.
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To make the analysis easier, we change the coordinate system such that helpers become static (recall that we assume vehicles travel at constant speed), the VoI and infrastructure move at speeds of v 1 + v 2 and v 2 respectively. In this way, when t = 0, the displacement of VoI is r 0 . The time instant the VoI enters I 2 's coverage will
and its displacement at that time instant is
Thus, all vehicles in the opposite direction within this road segment [0, s] are the helpers the VoI will encounter during its V2V communication process in one cycle. See Fig.3 for an illustration.
As an easy consequence of the total probability theorem, the expected data amount received from V2V communication in one cycle can be expressed as follows:
where Y denotes the random number of helpers the VoI encounters during one cycle. Due to the Poisson distribution of vehicles (recall that helpers' vehicular density is ρ 2 ), we have
We denote the distance between the VoI and left boundary of I 2 's coverage (the left boundary of I 2 's coverage is also moving along with the movement of I 2 ) by l(t) at time instant t, then the road segment [0, s] can be divided into two segments, those outside r 0 of the left boundary of I 2 's coverage (satisfies l(t) ≥ r 0 ), denoted by Segment1 and those inside r 0 of the left boundary of I 2 's coverage (satisfies l(t) < r 0 ), denoted by Segment2.
Conditioned on Y = y, the y helpers are uniformly distributed in the above road segment [0, s]. Thus, when the VoI is within Segment1, the probability that at least one helper is in its coverage, denoted by P 1 , can be obtained as
When the VoI is at an arbitrary point in Segment2 (say when l(t) = z, z < r 0 ), the probability that at least one helper is in its coverage, denoted by P 2 , is as follows:
By summing up the above two cases, we have
By plugging equations (8) and (11) into (7) and simplifying it, we can obtain
D. Achievable Throughput
From the above analysis, the achievable throughput can be calculated from equation (2), (3) and (12) as follows:
.
V. SIMULATION AND DISCUSSION
In this section we use simulations conducted in Matlab to verify the accuracy of the analysis and establish the applicability of the theoretical analysis for more general scenarios beyond the ideal assumptions (e.g., unit disk model and constant channel condition) used in the analysis. Specifically, 50 infrastructure points are regularly deployed in the highway and their interval distance d is varied from 2km to 25km. The helpers' vehicular density ρ 2 varies from 0 to 0.1veh/m and the speed of the VoI and helpers are v 1 =15m/s and v 2 =25m/s respectively. Infrastructure's and vehicles' radio ranges are varied from 400m to 600m and 200m to 300m (typical radio ranges using DSRC [6] ) separately and constant transmission rates of V2I and V2V communications are w I =5Mb/s and w V =2.5Mb/s respectively. Each infrastructure's channel number N is 10. Each simulation is done 5000 times to get the average value. Fig. 4 shows the comparison of the obtained analytical result with the simulation result and it is obvious that they are matched with each other, which demonstrates that the independence approximation adopted in section IV.A has negligible impact on the result and our final analytical result under this approximation is accurate. Fig. 4 gives insight into the optimum choice of distance between infrastructure. It is obvious from Fig. 4 that when d is increased, achievable throughput η decreases. However, when d increases beyond a certain threshold, e.g., d=10km in this case, an increase in d has limited impact on the throughput achievable. This phenomenon can be explained by the fact that when d is small, achievable throughput is mainly dominated by V2I communications because in this case, the amount of data received from V2V communications is relatively small compared with that received from V2I communications, especially when traffic density is low (here ρ 2 =0.005veh/m). However, with the rise of d , the increase of data received from V2V communications makes V2I communications' dominant impact subdued, which in turn leads to the subtle variation in η. Fig. 5 demonstrates an important conclusion that our cooperative communication strategy can significantly improve the throughput even when helpers' vehicular density is low. It is shown that the throughput achieved from system utilizing cooperative communication with helpers' vehicular density ρ 2 =0.005veh/m (0.002veh/m) is around 8 (6) times larger than that without cooperative communication (equivalent to the case when there is no helpers, i.e., ρ 2 =0), which shows the effectiveness of our proposed cooperative communication strategy. Fig. 6 shows the relationship between η and helpers' traffic density ρ 2 . Importantly, we can see that higher traffic density is beneficial to the throughput because higher ρ 2 will enhance the connectivity of vehicular networks, which leads to higher chance of V2V communications. However, when ρ 2 increases beyond a certain threshold, e.g., ρ 2 =0.006veh/m in this case, Relationship between η and helpers' vehicular density ρ 2 with different d equals to 2km, 6km, 20km, 50km and tends to ∞ respectively. a further increase in ρ 2 has only marginal impact on the achievable throughput. This is due to the fact that in our system model, helpers always have sufficient data to transmit to the VoI. Thus, when traffic density is large enough for the VoI to find at least one helper in its coverage at any time point, increasing traffic density (which will lead to more helpers within the VoI's coverage at one time) is no longer helpful to improve throughput because the VoI can only receive data from one vehicle at one time. Fig. 7 gives the comparison of throughput achieved from unit disk model (labeled as UDM) and that from log-normal shadowing model (labeled as LSM), and shows that our analysis under unit disk model can be extended to log-normal shadowing model. The parameters of LSM are set as: path loss exponent α=2 and standard deviation σ=4 [19] , [20] . It is shown that the system under LSM has a slightly higher achievable throughput than that under UDM, which coincides with results in [20] that LSM is beneficial to information delivery in vehicular networks. Fig. 8 compares throughput achieved from constant channel model with that from time-varying channel model, and shows that our analysis under constant channel model is applicable to a more realistic time-varying channel model which considers both fading and path loss. Specifically, for time-varying channel model, we adopt the model used in [21] that considers Rayleigh fading and path loss, from which the transmission rate is given by w I = B I log 2 1 + P I |βd power of each infrastructure and vehicle are B I =40MHz, P I =52dBm and B V =5MHz, P V =20dBm [8] respectively. β is the Gaussian random variable with mean 0 and variance 1 and d i , d ij are the distances between vehicle and infrastructure, vehicle and vehicle when conducting V2I and V2V communications respectively. By dividing the total coverage length of the transmitter (infrastructure or vehicle) into K (here we set K=1000) subtle segments, the average channel throughput w I and w V in time-varying channel model can be obtained by averaging the transmission rates of all segments. This obtained average throughput w I and w V are then used in our constant channel model. It is obvious from Fig. 8 that the achievable throughput from the above two channel models match with each other. This phenomenon can be explained by equation (13) 
VI. CONCLUSION AND FUTURE WORK
This paper proposed a cooperative communication strategy for vehicular networks by utilizing V2I communications, V2V communications and the mobility of vehicles to facilitate the transmission. From our analytical and numerical results, we concluded that this cooperative strategy can effectively improve the achievable throughput of vehicular networks even when traffic density is rather low. Our analysis can also be extended to more realistic models such as log-normal shadowing model and time-varying channel model considering fading and path loss. Moreover, our result can be used as a guide of optimum design and deployment of infrastructure in vehicular networks. In the future we will consider a general case that vehicles (helpers) do not have sufficient amount of data to transmit. Further, multiple vehicles of interest will also be considered.
